Background A universal goniometer is commonly used to measure the elbow's ROM and carrying angle; however, some authors question its poor intertester reliability. Questions/purposes We (1) assessed the validity of goniometric measurements as compared with radiographic measurements in the evaluation of ROM of the elbow and (2) determined the reliability of both. Methods The ROM and carrying angle of 51 healthy subjects (102 elbows) were measured using two methods: with a universal goniometer by one observer three times and on radiographs by two independent examiners. Paired t-test and Pearson's correlation were used to compare and detect the relationship between mean ROM. The maximal error was calculated according to the Bland and Altman method.
Introduction
The elbow is a trochoginglymoid joint that articulates the distal humerus with the proximal radius and ulna, allowing flexion/extension movements [30] . With the humeral trochlea's 300°arc of cartilage and the 190°arc of the ulna's sigmoid notch, the elbow's normal total ROM averages 145°( range, 140°-150°) [5, 12, 21, 29] in flexion/extension.
The ROM is a primary measure for assessing the elbow's integrity and evaluating impairment. It is unlikely that a patient who can fully extend and lock his or her elbow will show radiographic evidence of injury [6, 16] . ROM also can be used as an investigative tool to verify disease progression or treatment effectiveness. The average values reported for extension and flexion are, 0°and 150°, respectively [21] , with some authors differing slightly, with values between 5°and 140° [12] . The carrying angle (valgus) is defined as being the ulna's lateral deflection from the shaft of the humerus when the elbow is fully extended and supinated. It is measured clinically in the evaluation of elbow fractures. Reported mean valgus ranges from 10°to 15° [21, 22, 34] .
Healthcare professionals commonly use a goniometer to measure the ROM and carrying angle. The universal goniometer (UG) is a simple, easy-to-use instrument but its reliability and accuracy have been questioned [26] , and, to date, no consensus has been reached [33] . However, the majority of studies agree that the UG has fair intraexaminer reliability but poor intertester reliability [1, 24, 33] . Intertester ICCs range from 0.26 to 0.99 [8, 26] . Some studies have poor methodologic quality [33] . In others the experimental protocol does not reflect day-to-day use of the UG [7, 11, 28] . Some authors also omit detailing the population, instruments, measurement methods, or protocol when reporting UG use, making it harder to assess reliability of the UG [1, 12] . The main sources of errors in goniometric measurements are positioning of the patient and instrument, ie, the variability in locating anatomic landmarks used to align the UG [1, 7] . These markers, including the lateral epicondyle of the humerus and the tip of the acromion, are potential sources of error because they do not represent the center of rotation or the long axis of the humerus [1, 5, 31] .
We therefore (1) assessed validity of goniometric measurements by comparing goniometric values with radiographic ROM values measured from the humeral and ulnar axes and (2) determined the reliability of both methods.
Materials and Methods
We recruited 51 volunteers among healthcare workers of a hospital. Participants were enrolled by advertising within the hospital. There were 31 females and 20 males with a mean age of 31.7 ± 9.3 years (range, 19-50 years). All were informed of the protocol and signed a consent form if they fulfilled the inclusion criteria. Volunteers had to be between 18 and 50 years old with no history of arthritis or osteoarthritis, musculoskeletal or neurologic diseases, or past trauma affecting the upper limb. We excluded pregnant women or those we suspected might be pregnant.
For the goniometric method, we used one 360°scale (1°-increments) plastic UG with two 25-cm arms (3 M Ó Modular Shoulder System, 3 MÓ, St Paul, MN, USA).
The bony landmarks used to determine ROM ( Fig. 1A-B ) were defined as: the goniometer was centered on the lateral epicondyle, the stationary arm was pointing at the tip of the acromion process. There is a consensus for use of those two bony landmarks for elbow ROM measurement as they are easily located on the elbow and shoulder [1, 7, 21, 24] . The wrist landmark toward which the mobile arm of the goniometer is oriented sometimes is the ulnar styloid process but we preferred the middle portion of the wrist as it can be used for pronation, neutral, and supination positions ( Fig. 1) . A positive value of extension is equivalent to flexion, whereas a below-zero extension value represents hyperextension. For the carrying angle ( Fig. 1C ), the UG's arms were oriented in the same way, except that the center of the instrument was positioned on the crossline of the bicep's tendon and the interepicondyle axis. All volunteers were measured in the same room with the same equipment and by the same examiner (JC). Several studies report intraevaluator correlations of goniometry for various joints between 0.45 and 0.98 [1, 20, 26, 27] and that one examiner is acceptable regardless of his or her experience [1] . The participants were asked to sit on an armless chair and special care was taken to ensure that the arm position of the participants in the examination room was as close as possible to the one in radiology. We measured elbow extension and flexion with the humerus raised (shoulder in anterior flexion) and the wrist in neutral position. Valgus was measured with the arm in full extension and the hand supinated. The examiner took three measurements for each position, for both limbs, taking particular care to remind the volunteers to reach their maximal extension/flexion. Measurements of flexion, extension, and carrying angle were noted in degrees; precision for goniometric measurements is ± 0.5°. We considered radiographic images as a gold standard for ROM measurements for many reasons. Its computerized measurements are more precise and constant. Where the goniometer has 1°-increments and the examiner reported the measurements with a precision of ± 0.5°, the software used for the radiographic measurements automatically calculated with higher precision: between ± 0.02°and ± 0.1°depending on the dicom resolution (approximately 500-2000 pixels) of the radiograph used. The radiographic method also has the advantage of not being affected by the patient's morphologic features, eg, the bony landmarks of a patient with long arms or a large amount of soft tissues are not as easily located, thus influencing the accuracy of the goniometric measurements [7, 31] .
For radiographic method, a digital radiographic unit (GE Healthcare, Little Chalfont, Buckinghamshire, UK) was used, and subjects were protected with a lead apron. The same examiner (JC) correctly positioned the subjects on the wallstand radiographic table to standardize the radiographs. Three specific elements were considered. First, extension and flexion had to be maximal for all positions. Because the arm must lie on the table for the AP radiograph (carrying angle), we placed a 10-cm cushion under the distal humerus to elevate the forearm off the table. This setup allowed subjects to achieve full ROM. The cushion was removed for lateral extension and flexion positions.
Second, we took precautions with the lateral radiographs; the examiner placed and rotated the fully extended elbow to make the capitellum and trochlea appear as concentric circles to achieve a perfect lateral view of the elbow [17] . Third, to maximize the precision of measurements, the radiographs had to include a long enough portion of the humerus and cubitus/radius.
The ROM and carrying angle were measured on the radiographs with SliceOmatic software (TomoVision, Magog, Quebec, Canada) by two of the coauthors (JC, FC). The examiners agreed on the bony landmarks that best represent the ROM and valgus (Fig. 2) . They independently measured extension ( Fig. 2A) , flexion (Fig. 2B ), and carrying angle ( Fig. 2C ) of all elbows on the radiographic images with a precision of ± 0.1°.
We used the Kolmogorov-Smirnov test with a 95% CI to assess the normality of data distribution; we found values from 0.220 to 0.923 for goniometric ROM and from 0.746 to 0.990 for radiographic ROM, confirming the normality of distribution of these two parameters. The ICCs were used to test the reliability of the goniometric and radiographic measurements. Paired Student's t-tests were used to compare mean flexion, extension, ROM, and carrying angle values between goniometric and radiographic values. Pearson's correlation coefficient then was calculated to evaluate the relationships between the UG and radiographic measurements. Finally, we made a plot of the difference between UG and radiographic measurements, against the mean, to illustrate and interpret the range of differences, as recommended by Bland and Altman [3, 4] and Lee et al. [15] . The Bland-Altman method analyzes the agreement between two measurement methods. It focuses on the difference obtained in each pair of data and calculates the maximal error expected from the two methods. In our study, we used the Bland-Altman method to analyze the difference between the goniometer and the gold standard radiographs for each pair of 102 elbow measurements. We performed all statistical analyses with PASW Statistics 18.0 software (SPSS Inc, Chicago, IL, USA).
Results
In our sample, the goniometric elbow measurement values were different from those from the gold standard radiographs. When compared with ROM and carrying angle goniometric measurements (UG), the mean radiographic values were lower ( Table 1) . The largest differences observed were 153.5°± 3.5°with UG measurement versus 150.9°± 4.5°with radiographic measurement for flexion and 13.0°± 3.0°with UG measurement versus 10.1°± 4.5°with radiographic measurement for the carrying angle. The latter represents a 30% difference between the two methods. The results were closer for the elbow extension measurements with 13.0°± 6.5°with UG measurement and 11.9°± 6.7°with radiographic measurement. A larger difference was expected between the two ROM measurements because it includes extension and flexion. However, the goniometric arc of the ROM extension (140.5°± 8.0°) was closer to the radiographic mean (139.0°± 7.8°) compared with flexion. Overall, a difference between the two methods was observed for all four measurements. We observed a correlation (0.648-0.728) between the goniometric and radiographic measurements. For the Bland-Altman analysis of difference, the CI reached ± 10.3°for the extension measurements (Fig. 3A) ; 95% of the goniometric extension measurements were less than 10.3°different from the radiographic gold standard value ( Table 2 ). For the flexion measurements, the 95% CI was ± 7.0° (Fig. 3B) . The CI reached ± 11.5°for measurements of ROM (Fig. 3C) . The carrying angle measurements had the smallest CI of ± 6.5° (Fig. 3D ).
Reliability of both measurement methods was confirmed through ICCs. The ICCs for intrarater reliability of the goniometric measurement ranged from 0.945 to 0.973 (Table 3) , whereas the interobserver ICC for the four radiographic measurements ranged from 0.980 to 0.991 (Table 4 ). The reference portions were the ulnar segment between the radial head and radial tuberosity and the farthest distal diaphysis segment on the radiograph. 
Discussion
Previous studies confirmed the role of ROM as an indicator of the elbow's integrity [6, 16, 18] . The UG is a common clinical tool for evaluations of the elbow and other major joints. However, the reliability of this instrument is still debated and some studies have investigated its intratester or intertester ICC, and/or compared it with new devices [1, 11, 20, 24, 33] . We therefore investigated the goniometer's validity by comparing its measurements with the gold standard radiographic measurement of ROM of the elbow. The reliability of both instruments then was evaluated.
There are limitations to our study. First, there is a potential selection bias because only health workers were recruited; therefore, it is possible that this group of healthy adults has a better understanding of the examiner's oral indications and that their collaboration improved our results. Patients, with traditional boundaries like pain, language, or cognitive difficulties, could prove less collaborative and thus lower correlation between both methods. This limitation does not compromise our conclusions because the subject-dependant boundaries apply equally to both measurement methods and the examiner (JC) provided the same indications of position. Second, the three repeated goniometric measurements were taken during the same day, to accommodate the volunteer participants of our study. This is not representative of the clinical situation in which such measurements are taken at intervals of weeks or months. However, we can compare our reliability results with those in the literature as few authors measured the elbows at weekly intervals or more [10, 11] . Third, the UG in this study was being used in a clinical way, ie, with no calibration or instrument choice; therefore, there is a potential source of systematic errors from the instrument. However, this corresponds to the goniometric measurement performed in a clinic or hospital setting. Moreover, the goniometric average results of ROM and carrying angle correspond to those in the literature [21, 22, 34] , especially for the valgus (13.0°) and flexion (153.5°) angles.
We evaluated the validity of the goniometer in comparison to the computerized radiographs. While measurements from the two methods correlated, we observed systematic differences. We also concluded that the extension angle, measured with a UG, would have a maximal error of ± 10.3°, 95% of the time (Table 2) . This represents the worst case scenario, because the difference with the flexion angle was ± 7.0°and ± 6.5°for the carrying angle 95% of the time. The maximal error was higher for the total ROM (± 11.5°) because it involved two measurements (extension and flexion). Regarding the means for goniometric measurement and radiographs, as the middle portion of the wrist was our landmark instead of the ulnar styloid process, the extension values differ from zero. The augmented flexion mean with the goniometer cancels the diminished extension, resulting in similar ROM means ( Table 1) . When reviewing the literature, there are numerous methods for measuring ROM: visual estimation [2, 13, 32, 33] , photographic [7] , fluid-based [10, 24] or electrogoniometer [10, 11, 34] . Results regarding the validity of the goniometer are ambivalent. In the same way, when comparing the goniometer with radiographs, Jaeger et al. [14] validated the goniometric measurement in cats. However, Piqué-Vidal et al. [25] recommended computerized radiographs for hallux valgus assessment. We still recommend using a UG in a clinical setting where therapists or physicians commonly deal with 30°to 40°loss of ROM in pathologic situations rather than 5°to 10°. However, the radiographic method is a valuable tool for randomized controlled trials or other research studies with ROM as a primary or secondary outcome, such as studies designed to evaluate the impact of different demographic or extrinsic factors on ROM [9, 12, 18, 19, 22, 23] . When the ROM or carrying angle is required for research purposes, the 10°-difference between the goniometric and radiographic methods becomes important, leading to an increase in the cohort needed to find expected results, and one must keep in mind that any measurement performed with the goniometer has a potential (maximal) error of 10°.
Reliability of both methods was assessed through ICCs. For flexion/extension, using a standard 25-cm plastic goniometer, the ICC for the intraexaminer ranged from 0.945 to 0.973, whereas reported ranges are from 0.45 to 0.98 (Table 5) [1, 20, 26] . The interobserver reliability is important in a clinical setting and proper training may be required for all who use the goniometer to standardize the measurements. In daily patient care, ROM might not be measured by the same examiner and weeks or even months could separate measurements (eg, a followup on postsurgical rehabilitation among the orthopaedist, resident, occupational therapist, etc). We observed intertester ICCs ranging from 0.980 to 0.991 with the radiographic method.
